Abstract -Two methods for the determination of ovulation were compared to one ultrasonography performed 5 times a day. Time of ovulation by echography was 40 ± 5.8 h (mean ± SD) after the onset of oestrus. Preovulatory LH rise (two blood samples per day) began near the onset of oestrus but, in our conditions, this parameter could not be used to predict ovulation. The basal level of progesterone (two blood samples per day) was determined with a non-linear model, the timing when progesterone rose more than one SD (0.3 ng . mL -1 ) coincided with the timing of ovulation determined by echography (R 2 = 0.98). This method was efficient and was used in a field trial to measure the consequences of the variability of the interval between AI and ovulation on litter size. The interval between AI and ovulation had an effect on litter size; litter size decreased by one piglet when this interval increased by 10 h. pig / progesterone / echography / ovulation / prolificacy Résumé -Chez la truie, relation entre la progestéronémie et le moment d'ovulation déterminé par échographie et incidence sur la taille de la portée de l'intervalle entre l'ovulation et l'insé-mination artificielle (IA). Deux méthodes de détermination de l'ovulation sont comparées à celle fondée sur 5 échographies par jour. Le moment d'ovulation par échographie est de 40 ± 5,8 h (moyenne ± sd) après le début de l'oestrus. Les concentrations plasmatiques de LH (mesurées 2 fois par jour) augmentent dès le début de l'oestrus mais dans nos conditions, ce paramètre ne permet pas de prédire l'ovulation. Le moment où la progestérone augmente de 1 SD (0,3 ng . mL -1 ) au-dessus du niveau de base coïncide avec le moment d'ovulation déterminé par échographie (R 2 = 0,98). Cette méthode, avec 2 prélèvements par jour, est donc fiable et a été utilisée en élevages pour étudier les conséquences de Reprod. Nutr. Dev. 40 (2000) 393-404 393
INTRODUCTION
Overall fertility rate of pig herds is very high in France [16] . The introduction of hyperprolific lines has improved mean prolificacy [10] ; however, the variability of litter size is still large [1] . Ovulation rate [2] and embryonic survival [9, 20] remain variable and are the main causes of litter size variability. Recent studies pointed out, again, the importance of the interval between AI and ovulation on litter size [6, 17, 28] . These results derive from experimental conditions in which the females are inseminated once. This is far from common practice, since most farmers inseminate females at least twice. No information is available, demonstrating whether the timing of ovulation is still an important parameter when females are inseminated several times.
Weitze et al. [33] and Soede et al. [26] used echography to determine the timing of ovulation. This method offers several advantages, but it requires trained staff, good conditions for the examination [13] and does not provide the time of ovulation for all animals [17, 34] . For endocrine parameters such as progesterone and LH levels only blood samples which are easy to collect in field trials, are needed. Helmond et al. [6] used progesterone plasma levels during the peri-oestrus phase to detect ovulation. However, Soede et al. [27] report some discrepancies between the progesterone method and echography that come, presumably, from the determination of basal levels and progesterone increase.
Thus, two experiments were conducted, the first one related some endocrine parameters such as LH and progesterone with echography data to determine the timing of ovulation in a practical setting. For the second one, the easiest and most efficient method was used to investigate, in field conditions, the variability of the time of ovulation and the influence on litter size of the variability of the interval between AI and ovulation.
MATERIALS AND METHODS

Experiment A
Twenty nine Large White (LW) pubertal gilts were selected after at least 2 oestrous cycles. They received an 18 day treatment with a daily dosage of 20 mg of Regumate ® (Hoechst-Roussel-Vet, Pantin, France), to synchronise oestrus. Day 0 was the day of the end of the treatment [11] . In these conditions, 95% of the gilts were usually seen in oestrus 4 to 7 days after.
Oestrus detection began 2 days before the expected onset of oestrus and was performed three times a day at 07.00, 12.00 and 17.00 h with a teaser boar. Oestrus was defined according to the sequence characterised by Signoret [24] . When a female pig demonstrated all behaviour characteristics including the "standing" reaction or the active pursuit of the male, the sign + was noted. When none of these reactions was noticed, the sign -was recorded. When a female presented all behaviour signs but refused mounting, the sign ~ was noted. The beginning of oestrus was therefore estimated differently according to the sequence of -, + and ~. These definitions are illustrated in Figure 1 .
Ultrasound examinations were performed with a 5 MHz sectorial probe (Combison la variabilité du moment d'ovulation sur la taille de la portée. L'intervalle entre l'IA et l'ovulation affecte la taille de la portée, elle diminue d'un porcelet lorsque l'intervalle augmente de 10 h. porcin / progestérone / échographie / ovulation / prolificité 220 crossbred sows. The herds were managed in farrowing batches every three weeks. The size of a batch varied from 15 to 23 females and one to four batches per herd were investigated. A batch was generated by gathering females with different physiological stages: most of them (n = 172) were sows and were weaned after four weeks of lactation, few were open (n = 15) and some gilts (n = 33) were added and a part of them were treated with a progestagen, Regumate ® , to synchronise their oestrus.
The oestrus was checked and blood samples were collected as described in experiment A. A group of 22 (10%) females came into oestrus too late (9 days to 60 days after weaning) and were not included in this study. The other, 198 females (90%) came into oestrus within seven days after weaning of lactating sows. They were inseminated two to five times during the oestrus period, with 3 billions of spermatozoa each time. The females inseminated only twice were 310 A Kretz, Hagueneau, France). The gilt was kept in a crate and the probe was placed in the inguinal area. The images were recorded on a video tape. The echography was performed twice the first day of oestrus then five times a day (09.00, 12.00, 16.00, 20.00, and 24.00 h) until one day after the end of oestrus. The time when follicles (black spots on the screen) disappeared or were disappearing was defined as the time of ovulation.
Jugular blood samples were collected twice daily (08.00 and 16.00) in heparinised tubes, from the 4th day after the end of Regumate ® treatment, until 24 h after the end of oestrus.
Plasma was separated by centrifugation, collected and stored at -20°C.
Experiment B
This experiment was carried out in five breeding herds involving a total of 135 (68.2%), and 59 females (28.8%) were inseminated 3 times; three were inseminated 4 times and one was inseminated 5 times. The first AI usually took place 8 to 24 h after the first positive detection of oestrus. The interval between the first AI and the second one ranged between 9 to 24 h; this interval was variable within farms. Pregnancy was assessed by ultrasound scanning between 25 and 30 days as described elsewhere [13] . At farrowing, the total number of piglets was recorded. Fertility represented the percentage of inseminated females which farrowed.
LH and progesterone determinations
Plasma LH levels were measured by ELISA (REPROKIT, SANOFI, Libourne, France) according to Maurel [14] . This ELISA was carried out with two anti-LH polyclonal antibodies and a third antibody labelled with peroxydase. The limit of detection was 0.25 ng . mL -1 with a calibration curve ranging from 0.25 ng . mL -1 to 8 ng . mL -1 . A significant linear relationship (R 2 = 0.98) was obtained between this method and the RIA method described previously [21] ; the equation was LH RIA = (5 ± 0.16) × Lh ELISA ; there was no systematic bias, since the intercept was not significantly different from zero. The intra-and interassay coefficient of variations were 8.5 and 12.2% respectively for a plasma level of 2.7 ng . mL -1 . Several parameters were used to characterise LH rise. The beginning of the LH rise (LHb) was when LH increased over one standard deviation, maximum of LH (LHm) was the highest recorded level and the end of the LH rise (Lhe) was when the level returned to pre-LH rise levels. The duration of the LH rise (LHd) was the difference between the end and the beginning.
Plasma progesterone levels were determined by radio-immuno-assay, as described previously [23] . The limit of detection was 0.05 ng . mL -1 of plasma, the intra-and interassay coefficient of variations were 9 and 14.5% respectively for a level of 2 ng . mL -1 . The basal progesterone level was determined from a non-linear model (see Sect. 2.4). The time of ovulation (Ovp) was defined as the time when progesterone increased from at least one SD above this basal level. The SD value was not fixed, but computed from the variance of the basal levels estimated by the non-linear model from the data of experiments A and B. The computed SD were of 0.3 ng . mL -1 for both experiments and thus the same for all animals in the study.
Definition of parameters and data analysis
Time of ovulation from progesterone levels
Progesterone in plasma (Progesterone) during this peri-ovulatory phase first showed, a period with low and constant or basal levels (nbase) and then an exponential rise. A non-linear model was formulated according to these variations: Progesterone = nbase if time ≤ to taug else nbase × exp (paug × (time -taug)) taug is the time when progesterone begins to rise, paug is related to the rate of progesterone increase and time is the interval from the beginning of oestrus in hours. This model was derived from a more general one describing progesterone variations during the oestrous cycle [35] ; it was adjusted to data with the NLS2 software [7] . The model included heterogeneity of the variance of progesterone levels [7] . The plot of standardised residuals against the fitted values did not show any trend, or change in variability. This indicated that the model fit to the experimental data.
Intervals between artificial insemination (AI) and ovulation
As explained before, the females in experiment B were inseminated 2 to 5 times.
If time of ovulation was considered as time 0 (Fig. 3A) , the LHb rise occurred 48 h before ovulation and mean LH levels reached a maximum of 17 ± 3.3 ng . mL -1 In order to evaluate the effect of the interval between AI and ovulation on litter size, the different intervals, between inseminations and ovulation, were computed. A negative interval indicated that AI was performed before ovulation and a positive one that AI was performed after ovulation. The shortest of these intervals was determined and designated as the minimum interval between AI and ovulation. This parameter and its absolute value were used to assess the effect of the interval between AI and ovulation on fertility and litter size.
Rank of the AI closest to ovulation
The rank of the AI closest to ovulation, was also included in the analysis.
Statistical analysis
They were performed with S-PLUS [30] and SAS [22] software.
RESULTS
Time of ovulation by echography (Experiment A)
In three out of 29 gilts, it was not possible to determine the time of ovulation from the ultrasound scanning images. For the other females, ovulation occurred from 25 to 50 h after the onset of oestrus as illustrated in Figure 2 . The average timing of ovulation after the beginning of oestrus was 40 ± 5.8 h (mean ± SD).
Relationship between LH and ovulation (Experiment A)
In our conditions, LH rose close to the onset of oestrus (-2.6 ± 9.6 h; mean ± SD), reached a maximum of 11 ± 4 ng . mL -1 of plasma at 9 ± 0.5 h after the beginning of oestrus. Then, its levels dropped to basal values 31 ± 11 h after the beginning of oestrus. at 28 h before ovulation which was close to the mean time of the maximum LH levels (31 ± 9.6 h before ovulation). Then, the LH level decreased and LH was low when the female ovulated.
The interval between LHb rise and ovulation was quite variable and ranged from 24 h up to 65 h; however in 70% of the females, LHb occurred within 24 h. The mean value of LHb was 42 ± 8.3 h. There was a significant positive relationship between the interval from the onset of oestrus and LHb rise and the interval between the beginning of oestrus and ovulation (R 2 = 0.39, p = 0.0006). The time of LH rise (LHm) and the duration of the LH rise (LHd) were not significantly related to the time of ovulation when the beginning of LH rise (LHb) was taken into account.
The LH parameter that was related the most to the time of ovulation was the beginning of LH rise, which explained only 39% of the variability of the time of ovulation.
Relationship between progesterone and ovulation (Experiment A)
The mean pattern of progesterone was very different from that of LH (Fig. 3B) . Progesterone levels were low and constant from -40 to 24 h after the beginning of oestrus. Around 40 h after the onset of oestrus, a time close to ovulation, progesterone rose sharply (Fig. 3B) . Some fluctuations occurred; they corresponded to the variability in the timing of progesterone increase and to the sampling rhythm at particular times. The comparison of the progesterone pattern between sows, gilts with natural oestrus and gilts treated with Regumate ® did not show any significant difference over time (p = 0.82, Experiment B). The calculated mean progesterone rise coincided with the occurrence of ovulation determined by ultrasound scanning. Moreover, the time interval between the results obtained from the progesterone profile and by echography (see Sect. 2.4) was 3 ± 6 h (mean ± SD); it varied between -1 and 18 h, but it was between -1 and zero for 65% of the cases (17 intervals out of 26). The linear relationship between the two methods was very strong since R 2 = 0.981 and the slope of the regression was 0.91 (se = 0.025). This is illustrated in Figure 4 .
Relationship between oestrus and ovulation estimated by progesterone rise (Experiment B)
The time of ovulation from the beginning of oestrus was estimated in farms using 92.6 and 100% with an average of 95%. There was no significant relationship between fertility and intervals between AI and ovulation. The rank of the AI closest to ovulation did not significantly affect female fertility. However, when the first AI was performed near ovulation, all the 15 females farrowed.
Relationship between time of ovulation estimated by progesterone levels, insemination parity and litter size (Experiment B)
Litter size (total number of piglets born) was high (12.4 ± 3.1; mean ± SD) but ranged from 4 to 20 piglets. As expected, parity had a significant effect on litter size (p = 0.0016). Litter size increased with parity and reached a maximum of 14 ± 0.7 piglets (least square mean ± se) with sows in the sixth parity, and then decreased.
In 73.7% of the cases, the second AI was the closest to the estimated ovulation time. The cases, when the first and the third AI were closest to ovulation, accounted for 7.7 and 18.6%, respectively. The litter size was different according to the rank of the AI closest to ovulation (p = 0.04). Table I shows that the distributions were very different according to the rank of the AI closest to ovulation. When the females were subdivided into three groups according to litter size, there was only one female in the smallest litter class when the first AI was closest to ovulation; this female had 11 piglets. However, 35 to 40% of females were in this litter class when the second and the third AI were the closest. This difference of proportions according to rank of AI was significant (p = 0.03) but there was no significant difference in parity between these 3 classes.
The minimum interval between AI and ovulation affected litter size, as illustrated in Figure 5 , where the minimum interval was split into seven classes. For 15 females (8.4% of females), the closest AI was performed between 6 and 10 h after ovulation; the progesterone rise method; 198 out of 220 females were in heat during the experimental period. The variability of the timing of ovulation was considerable with a range between -2 and 88 h after the beginning of oestrus, with a mean value of 48 ± 14 h (mean ± SD; n = 198). Progesterone rise occurred in general during the last third of the oestrus period. The mean interval between the onset of oestrus and ovulation represented 71 ± 5% of the oestrus duration, but the linear relationship between the duration of oestrus and the time of ovulation was not very close (R 2 = 0.5). There was no significant difference between farms nor between parities in the mean time of progesterone rise and its variability. Furthermore, there was no difference in the time of progesterone rise between gilts, Regumate ® treated gilts and sows (p = 0.33).
Variability of the interval between time of ovulation, estimated by progesterone levels and insemination (Experiment B)
The females seen in oestrus (n = 198) were inseminated for the first time 20 ± 7.8 h after the beginning of oestrus. The second AI occurred on the average, 18 h after the first. When females were inseminated three times, the last AI was 57 ± 10.7 h after the onset of oestrus. The first and the second AI took place, in general, before ovulation; the mean intervals between AI and ovulation were respectively -28 ± 14.8 and -10 ± 15.3 h for the first and second AI, respectively. If a third AI was performed, it was in general 8 ± 16 h after ovulation. Despite the number of AI, the minimum interval between AI and ovulation was still large and varied in these farms between -46 to +10 h with a mean of -9 ± 12 h (m ± SD).
Relationship between time of ovulation estimated by progesterone, insemination and fertility (Experiment B)
The overall farrowing rate of the different farms was very high and ranged between in 34.6% of the females, the closest AI was performed near ovulation (-4 to +5 h). The litter size was maximal when females were inseminated just before ovulation.
Stepwise regressions between litter size and time of ovulation, times of AI, parity and absolute interval between AI and ovulation were calculated. The results indicate that the absolute value of the minimum interval between AI and ovulation and parity only has significant effects on the reduced model (p = 0.011).
To avoid an incidence of the rank of AI closest to ovulation, the quantitative effect of the minimum interval was determined in the situation where the second AI was the closest to ovulation; it involved 73.7% of the females. Furthermore, in a small number of 400 females, first insemination was performed after ovulation; for these females, the effect of ageing of ovocytes was considered as being similar to that of spermatozoa and the absolute value of the minimum interval was used in the analysis; this was supported by the fact that the litter sizes of females inseminated 10 h before and 10 h after ovulation were not significantly different. The linear relationship between litter size and the absolute minimum interval between ovulation and AI is illustrated in Figure 6 . The litter size decreased when the absolute minimum interval increased (p = 0.023). The effect was approximately one piglet for a 10 h interval between AI and ovulation.
DISCUSSION
There is a good fit between the timing of ovulation obtained from echography examination and those determined by the progesterone measurement. Thus progesterone measurements were applied in a field trial involving five farms. The results supported the hypothesis that, even when several inseminations are performed, the minimum interval of time between AI and ovulation still affects litter size. Furthermore, when the first AI was the closest to ovulation the percentage of small litter size (<12 piglets) was low.
The time of ovulation for Large White gilts after oestrus synchronisation, was 40 h following the onset of oestrus determined by transcutaneous echography. This result identical to the 88.4% (427 out 483) reported by Weitze et al. [34] .
The pattern of LH was similar to that previously observed around the time of ovulation [4, 18, 19, 21] . The timing of LH surge relative to the onset of oestrus and ovulation was the same as that obtained by others [6, 15, 27] . The correlation between the onset of LH rise and the timing of ovulation was not very high. This was presumably, mainly the consequences of the sampling regimen. However, the variability of the interval between LH peak and ovulation remains high even when blood samples are collected at 2 h intervals [15] . This suggests that other factors modulate the timing of ovulation. Weitze et al. [32] indicated that seminal plasma can influence the timing of ovulation. However, the results of Soede et al. [29] do not support this hypothesis.
was very close to the results of Weitze et al. [32] for unsynchronised females. With the same method in German Landrace gilts they found that ovulation occurs 44 h after the beginning of oestrus. The small difference can be explained by the genotypes, but also, by the difference in the frequency of oestrus detection and ultrasonography examination, which were performed twice daily in the study of Weitze et al. [33] . Our results were also very close to the values (38 to 42 h) obtained in non-oestrus synchronised gilts by Signoret et al. [25] and Martinat-Botté et al. [12] for the same genotype but using laparascopy. Thus, there is no evidence of a difference in the time of ovulation between gilts with natural or synchronised oestrus. The success rate in determining the time of ovulation by transcutaneous echography was 89.6% (26 out 29) in our study, a level Progesterone changes recorded around oestrus were similar to those previously reported by Stabenfeldt et al. [31] and Soede et al. [27] . A non-linear model was fitted to the progesterone levels, which allowed an objective determination of individual basal level and the variability of this basal level among females (SD). The timing, when progesterone concentration rose more than one SD above the basal level, was very close to the time of ovulation. The regression, between these timings and those obtained by echography, was highly significant (R 2 = 0.98) in gilts. The intercept was null; this indicated a lack of systematic bias. The determination of ovulation by progesterone slightly overestimated the time of ovulation compared to that obtained by echography; indeed the slope of the regression was 0.91. This could have been the consequence of the difference between the frequency of echography examinations (5 day -1 ) and blood sampling (2 day -1 ). These results differed from those of Helmond et al. [6] , mainly because these authors used a fixed value of 1 ng . mL -1 for progesterone rise. Such a large increase was observed between 6 and 14 h after ovulation in our study and in that of Soede et al. [27] . The definition of progesterone rise is critical. Indeed, Soede et al. [27] , defined a timing for progesterone rise above 0.1 ng . mL -1 . The mean difference between this timing and ovulation by echography is only 3 h [27] in multiparous sows. This observation supports our results in gilts, indicating a close relationship between ovulation and progesterone rise and the use of this progesterone increase to accurately determine a posteriori the time of ovulation. Blood samples were collected twice a day from the beginning of oestrus up to 24 h after the end of oestrus. The number of blood samples required, varied from 6 to 13 according to oestrus duration; however a mean of 9 samples were collected. With the progesterone method, the timing of ovulation was estimated for all females (n = 198) of experiment B which were included in the study. The average ovulation interval (48 h) from the beginning of oestrus, was close to that observed by Weitze et al. [34] , by Soede et al. [27] and by Mburu et al. [15] . The differences were related to the differences in the way of computing the beginning of oestrus and timing of ovulation between the different studies. Ovulation occurred around the last third of oestrus; this was similar to that reported in several studies [15, 34] . However, this relationship was too variable (R 2 = 0.5) to be used to determine the timing of ovulation. This agreed with the data of Soede et al. [28] and Nissen et al. [17] who obtained values of R 2 of 0.60 and 0.45, respectively, for this relationship.
The adverse effect of long intervals between ovulation and AI on farrowing rate and litter size has been known for several decades [3, 5] . The consequences of the interval between AI and ovulation were recently revisited with the determination of ovulation by echography [8] . Most of these studies only reported the effect on embryonic survival. The data of Nissen et al. [17] result from sows that were inseminated once. Observations with multiple AI have not been reported previously. We show that, even with several AI, the litter size was still dependant upon a minimum time interval between AI and ovulation. This parameter took into account that females were inseminated several times. Indeed, the litter size decreased by one piglet when this interval increased by ten hours. This amplitude was similar to that observed by Nissen et al. [17] with one AI. Furthermore, the variability of the litter size was low, when the first AI was close to ovulation; it increased, when the second or the third AI was close to ovulation. This effect was presumably not the consequence of a decrease in ovulation rate when the interval from the onset of oestrus and ovulation increased. Indeed, there was no significant relationship between this interval and litter size. This increase in variability could be the result of fertilisation of a part of oocytes by aged spermatozoa from the previous AI, these eggs would have a lower development potential [17] . In practical conditions, for the majority of the cases, the second insemination was the closest to ovulation; this contributed to the observed variability of litter size in pigs.
In practice, the variability of the minimum interval between artificial insemination and ovulation seemed to have a limited effect on fertility because females were inseminated several times, but an important effect on litter size. The best breeding strategy to reduce litter size variability is to have only one AI just before ovulation. However, this requires a predictable time of ovulation that is not normally achieved. The timing of ovulation is essential to improve the control of ovulation, and the progesterone method could be used to determine this timing, a posteriori.
